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Abstract: The definition of sustainability includes three fundamental pillars: economic, environmen-
tal, and social. Studies of the economic impact on civil engineering infrastructures have been focused
on cost reduction. It is not necessarily in line with economic sustainability due to the lack of other
economic factors. Moreover, the social pillar assessment has been weakly developed compared to the
economic and the environmental ones. It is essential to focus on the social pillar and evaluate clear
indicators that allow researchers to compare alternatives. Furthermore, bridge life cycle assessment
studies have been focused on concrete options. This has resulted in a lack of analysis of the impact of
composite bridge alternatives. This study is conducted in two stages. The first part of the study makes
a cradle-to-grave social and environmental sustainability evaluation with the SOCA v2 and ecoinvent
v3.7.1 databases. This assessment is carried out on four concrete and composite bridge alternatives
with span lengths between 15 and 40 m. The social impact weighting method and recipe have been
used to obtain the social and environmental indicators. The second part of the study compares the
results obtained from the social and environmental assessment of the concrete and the composite
alternatives varying the steel recycling rate. The bridge alternatives are prestressed concrete solid slab,
prestressed concrete lightened slab, prestressed concrete box-girder, and steel-concrete composite
box-girder. The results show that composite options are the best for environmental impact, but
the concrete box girder solutions are better for social impact. Furthermore, an increase in the steel
recycling rate increases the social impact and decreases the environmental one.
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1. Introduction

Sustainability has grown since its definition by the World Commission on Environment
and Development in 1987 [1]. This worry has been transmitted to developers in some social
sectors. However, Sustainable Development Goals were not defined until 2015 as a response
to the social demand related to environmental impact [2].

Three main pillars define this sustainability concept. The most studied is the economic
one. This pillar is related to the cost associated with one process, product, or service and
has been the traditional choice criterion for deciding between alternatives. The second is
the environmental pillar, related to the impact on the environment. Finally, the social pillar
completes the sustainability profile. This part assesses how the society stakeholders are
affected by one process, product, or service.

As stated before, the most studied sustainability criterion has been the economic
impact. Researchers have been carrying out different studies to reduce the economic
impact of their projects. The primary method of reducing the economic impact carried
out by researchers has been through optimization techniques. This method has been
applied extensively in construction sector elements, such as reinforced concrete bridge
piers [3], concrete road vaults [4], buttressed walls [5,6] or facades [7], among others.
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Other authors have applied different techniques to reach sustainable solutions considering
other criteria besides the cost [8,9]. To evaluate the environmental impact of construction
processes, researchers have been studying the life cycle assessment (LCA) of different
construction activities [10-13] due to its contribution to the total carbon emissions to
the environment [14,15]. This industry’s high impact is due to its cement requirements,
which represent 5% of the global CO, emissions contribution [16]. As a consequence,
construction substantially impacts environmental pollution [17]. Moreover, if the focus is
on the sustainability assessment of the social pillar, there is a lack of study in comparison
with the economic or the environmental pillars [18,19].

Researchers state that the lack of knowledge in the social assessment pillar is due to
the ambiguity in the definition of the sustainability criteria related to social impact [18,20].
Nevertheless, the United Nations have set aside 6 of its 17 sustainable development goals
for this part of sustainability. This marks a clear trend for public agencies to consider
the social pillar an essential part of the overall sustainability analysis. As a response to
this demand, there is a recent trend in studying the social assessment to give it the same
importance as the study of economic and environmental sustainability [19,21].

Construction projects’ social sustainability assessment has an additional complication
due to its stakeholder’s situation [19]. Regarding social demands for the construction sector,
this must satisfy not only the clients or the employees, but also the industry and community
users’ needs [22]. Furthermore, the final product obtained must consider the impact on
future and present generations, considering the health and safety of the implied agents in
the process [23].

One of the most representative infrastructures of the constructions sector is bridges.
Because of this, researchers have been developing different studies to assess its sustainabil-
ity [24]. As stated in Martinez-Mufioz et al. [25] the central part of sustainability studies is
focused on concrete bridges. This study also advises a lack of study in environmental and
social LCA of composite bridges. A recent environmental LCA study focused the scope on
the comparison of concrete and steel-concrete composite bridge (SCCB) alternatives [26].
This study states that the percentage of recycled steel is crucial for the feasibility of SCCBs
from an environmental point of view and presents SCCBs as an eco-friendly alternative
for bridge design. Despite this, no LCA has yet been carried out that considers the social
impact of SCCB. Some researchers have carried out different studies assessing different
criteria for social assessment, such as noise, dust, and time [27-29].

This study aims to assess the social feasibility of SCCBs compared with concrete
bridges, using the LCA methodology. To reach this goal, four alternatives of bridges have
been proposed for the comparison: prestressed concrete solid slab (PCSS), prestressed
concrete lightened slab (PCLS), prestressed concrete box-girder (PCBG), and steel-concrete
composite box-girder (CBG). A parametric study considered span lengths between 15 and
40 m to allow a broader comparison. Both environmental and social LCAs have been
modeled for each span length to compare the results between both evaluations. Different
steel recycling rates have been proposed for CBG alternatives to assess the relevance of the
steel recycling process in SCCBs social LCA. The steel recycling rate is contingent upon
the process of manufacturing the steel. The two main processes available to produce steel
are basic oxygen furnace (BOF) and electric arc furnace (EAF). This process combines the
iron with steel scrap obtained from the steel recycling process. The amount of steel scrap is
between 90% and 100% for EAF and 10% and 30% for BOF. Modifying the BOF and EAF for
steel production can model different manufacturing processes and, consequently, different
steel recycling amounts. This difference in manufacturing processes is directly linked to
the differences between countries’ steel production and technological development. This
justifies the usefulness of this study to compare the impact of different bridge alternatives
and their feasibility considering several steel manufacturing processes. With all of the
above, the objective of this study is to compare different concrete and composite bridge
solutions from the environmental and social impact points of view and, in addition, how
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the steel recycling ratio variation modifies the contribution of composite bridges to these
impacts.

2. Materials and Methods

The life cycle analysis (LCA) methodology consists of modeling a process, product, or
service, and assessing the contribution of every activity to the environment or the society,
among others. All activities must be included since the raw material is extracted until
the product finishes its service life to model the principal activity. This study conducted
two assessments: the environmental life cycle assessment (E-LCA) and the social life cycle
assessment (S-LCA). The methodology applied in this study follows the ISO 14040:2006 [30]
that describes the process to carry out the environmental analysis. It comprises four stages
to obtain the assessment: goal and scope definition, inventory analysis, impact assessment,
and interpretation of the results. For assessing the social impact, the most common guide is
followed [31]. The life cycle impact assessment (LCIA) chosen for this research is the recipe
2008 method [32] for E-LCA and the social impacts weighting method for S-LCA. The
selected databases for modeling are ecoinvent v3.7.1 and SOCA v2 to E-LCA and S-LCA,
respectively.

The LCA methodology allows converting the data introduced from the life cycle
inventory to impact and damage categories that help understand how the process affects
specific indicators. The life cycle impact assessment (LCIA) methods are responsible for
carrying out this transformation. With the information extracted from the models, the
actors involved in the decision process between solutions can compare them to make
their decision.

2.1. Goal and Scope Definition

This research poses two primary goals. The first one compares different bridge deck
alternatives from environmental and social points of view. The second is related to the
feasibility of these various alternatives between the environment and the social perspective.
All bridge decks were considered as continuous beams so that the span length represents
the highest of every span. This research considered six span lengths between 15 m and
40 m, increasing five meters from the initial to the final distance. The LCA method allows
quantifying the impact of every deck solution objectively and comparing them. As stated
by the bridges of Pang et al. [33], the LCA analysis is helpful for three main purposes:
comparison between designs options, comparison between different bridge materials
alternatives, and assessment of new materials compared with traditional ones. All the
other options must be similar in load, width, and location to compare accurately. This last
criterion is crucial because if not met, the geotechnical or seismic conditions could change
and, therefore, the design requirements of the bridge. The same location is considered for
every bridge deck alternative to compare bridge decks.

2.1.1. Bridge Deck Type Definition

The structural beam system is one of the most common bridge types due to its sim-
plicity and economic feasibility. The most crucial part of this type of bridge is the deck
since it is responsible for resisting all the stresses associated with the acting loads. The
choice of the deck type depends on different factors, such as constructability, aesthetics,
or economy, among others. The bridge decks chosen are the same as those in the work of
Martinez-Mufioz et al. [26]: prestressed concrete solid slab (PCSS), prestressed concrete
lightened slab (PCLS), prestressed concrete box-girder (PCBG), and composite box-girder
(CBG). In Figure 1, the standard geometry of these deck types is represented.

Its economic feasibility has defined traditional bridge deck type choosing. Considering
this, PCSS and PCLS slabs have been applied in ranges between 15 m and 35 m. On the
other hand, the box-girder bridges” scope of use is defined between 25 m and 125 m, its
regular use being from 35 m to 80 m. Concrete and steel are the most common materials
used for box-girder alternatives. In this case, PCBG is made from prestressed concrete,
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such as slab-type alternatives. The primary material is concrete and steel to solve concrete
tensile strength problems in these alternatives.

PCSS PCLS

——

PCBG CBG

Figure 1. Bridge deck cross sections [26].

On the contrary, the CBG alternative is mainly made of a rolled steel beam to which
a concrete slab is added on the upper part. This last alternative design concept is to
locate every material in the zones that are more resistant, i.e., concrete in the areas with
compressed fibers and steel in the areas with tensioned ones. As described before, two slab
and two box-girder decks were selected. This study aims to provide several alternatives
for environmental and social impact assessment to give designers information on which
option is better in terms of the span length.

2.1.2. Phases of the Analysis

To consider a complete bridge LCA, it is defined in four stages. These stages consider
all the activities necessary from the starting design to the final structure service life. These
processes consider the manufacturing of the materials, the bridge construction, its mainte-
nance, and its demolition and transportation of the materials to landfills. To view all this
information, the structure of the LCA model considers the following stages: manufacturing,
construction, use and maintenance, and end of life. This LCA follows the format of other
bridge LCA studies [21,26].

Manufacturing

This stage includes all processes from the raw material extraction to the final building
materials on the construction site. The most used materials in the construction industry are
concrete and steel. Because of this, databases include processes that allow the introduction
of these materials to the model. In this study, those processes are defined, adding the raw
materials and determining the dosage. This process is described in Figure 2.

Total solid = Cement + Gravel + Sand (per m> of concrete) (1)
) Cement 3
Total cement consumption = Cement + (Totalsolid) - Waste concrete (per m° of concrete) (2)

Gravel

_Gravel 3
Totalsolid) Waste concrete (per m” of concrete)  (3)

Primary gravel = Gravel + (
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Figure 2. Concrete and steel manufacturing processes [26].

The concrete matrix is composed mainly of cement, sand, gravel, and water. In
addition, additives and additions can be added to the concrete matrix to give the concrete
specific properties. Furthermore, the distance between the extraction site of every material
must be added to the model. The final process includes the concrete matrix and the energy,
the mixing factory, and the activities necessary to make one cubic meter of the modeled
concrete to simulate the concrete mixing.

Marceau et al. [34] state that for one cubic meter of concrete production, there is 24.5 kg
of material waste, and the wastewater is 0.0348 m3. To consider both the final concrete and
the debris associated with the production, the exact amount of each material is defined by
Equations (2)—(5) [26].

The two main processes available to produce steel are basic oxygen furnace (BOF) and
electric arc furnace (EAF). This process combines the iron with steel scrap obtained from
the steel recycling process. The amount of steel scrap is between 90% and 100% for EAF
and 10% and 30% for BOF [35]. The use of recycled steel directly affects the sustainability of
the alternative, and as a consequence, the EAF and BOF impacts give different results. Mod-
ifying the BOF and EAF for steel production can model other manufacturing processes and,
consequently, different steel recycling amounts. This difference in manufacturing processes
is directly linked to the differences between countries’ steel production and technological
development. The BOF and EAF waste are considered in the database processes.
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The percentage of recycled steel is essential for SCCBs due to the significant steel
needed for its construction. Slight variations in the recycling rate give substantial differences
in the SCCBs impact. From this point of view, it is essential to distinguish between hot
rolled and rebar steel. Consequently, a percentage of 71% is considered for reinforcement
bars, and 98% for hot rolled steel [36]. This difference rate is due to the difficulty separating
reinforcement bars steel from the concrete. Consequently, the steel scrap obtained from the
reinforcement bars steel is lower.

Construction

The construction stage considers all the necessary processes to make the deck, consid-
ering the auxiliary elements and machinery, which depend on the bridge placement and
type of construction. These processes are included in this LCA phase. In the SCCB case,
welding processes are introduced. The construction method is modeled by considering the
diesel consumption of the machinery obtained from the manufacturers’ data, the literature,
or other databases.

Use and Maintenance

This stage encompasses all the processes necessary throughout the bridge life. These
processes can be classified into three different categories: maintenance activities, CO,
fixation, and traffic detour. To make this maintenance work, sometimes bridge closure is
needed. In this case, it implies a traffic detour, and as a consequence, an increase in the
distance required to reach the same location generates a higher impact. This impact is
affected by different factors, such as the location of the traffic type.

The maintenance phase can be managed in two different ways. Researchers have been
reviewing different maintenance possibilities [10,11,37]. In other studies, different scenarios
have been assessed to evaluate its sustainability [33]. If the bridge’s closure is needed, the
closure time is defined. Processes required for maintenance depend on the bridge material.
For example, if the steel selected is not corrosion-resistant in steel bridges, the maintenance
operations must be repeated many times. These activities include removing the external
layer and replacing them with a reparation mortar for concrete bridges. In this study,
maintenance operations, including auxiliary machinery, materials, diesel consumption, and
emissions due to traffic detours, are considered.

Some studies state that concrete fixes CO;, during its carbonation process [38—40]. Car-
bonation significantly affects reinforced concrete bridges, and three main factors determine
it [41]: the w/b ratio, the concentration of CO, in the environment, the climate conditions,
and the steel depth. Carbonation produces passivation loss of reinforcement bars, reducing
the impact on the environment. Lagerblad et al. [42] researched CO, fixed by carbonation
during the life cycle based on Fick’s first law. Equation (6) allows to calculate the fixed
CO; in which k is the carbonation coefficient, ¢ is the service life, A is the exposed area of
concrete, 7 is the ratio of CaO that is going to become carbonated, C is the content of cement
in one cubic meter of concrete, k is the content of clinker in the cement, L is the content
of CaO in the clinker, and e is the molecular weight ratio of CO,/CaO. This equation is
simplified by grouping the constants. Lagerblad et al. [42] consider that r takes the value of
0.75, L of 0.65 and assume that € takes the value of 0.7857. Clearing out the equation with
these constants, the expression changes to (7). Concrete structures can fix CO, along its
service life [41].

k (e ) -/t (year)
CO, fixed (kg) = <\/Y72000 -A(mZ)-r~C<I1;%)~k(%)-L(%)~e(permZ) ©)

e ) -/t (year)
CO, fixed (kg) = 0.383 (Wzooo Y -A(m2)-c(kg>-k(%) (perm?) (7)

m3
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End of Life

This phase includes all processes needed to dismantle the bridge. The principal
method is demolishing the system, landfill transport, and waste treatment. Consequently,
these processes are modeled by transportation distances and specific machinery. There are
three main possibilities for materials waste: reuse, recycle or transportation to a landfill.
In this research, concrete and steel are the most commonly used materials. This waste
processing will depend on the needs of society in every case.

Many researchers have studied the steel recycling ratio. Hammervold et al. [37] consid-
ered a 100% steel recycling ratio, and other authors such as Du et al. [11] and Hettinguer
et al. [43] considered a lower value. Penadés-Pla et al. [13] considered the Spanish average
steel recycling ratio, 71%. The steel recycling ratio is associated with the construction
location. It is possible to adjust the evaluation of the steel by controlling the recycling ratio
in the LCA model.

The Spanish concrete regulation allows using 20% of concrete recycled coarse aggre-
gates in new concretes [44]. Different concrete recycling rates are defined [10,11,43]. As
described before, the concrete carbonation process always occurs. If all the concrete is
crushed, the full concrete carbonation is produced due to the accessible surface increase [41].
The concrete carbonation coefficient depends on the concrete’s strength [42]. In this study,
two concrete strengths, 30 and 40 MPa, are considered. The carbonation coefficients (k)
are 1.5 mm/year’>, 4 mm/year’>, 6 mm/year’>, 0.75 mm/year’® and 1 mm/year’5,
depending on whether the concrete is exposed, sheltered, indoors, wet or buried for 30 MPa
concrete strength, and 1 mm/year’®, 2.5 mm/year’>, 3.5 mm/year’?, 0.5 mm/year’> and
0.75 mm/year®> for 40 MPa concrete strength. The crushed concrete maximum aggregate
size is assumed to have a 10 mm diameter.

2.1.3. Functional Unit

This research considered a square meter as the functional unit to compare bridge deck
alternatives. Different bridge locations can produce other impacts due to the placement
conditions regarding geotechnical properties and seismicity. Moreover, the material’s
production processes can be different.

2.2. Inventory Analysis

The inventory analysis consists of collecting data on materials and energy consumption
to model the processes of the bridge life cycle. This study case takes the square meter of the
bridge as a functional unit. These processes produce output in terms of emissions to the
environment. The consideration of the production of every process gives the environmental
impact associated with the product that is being assessed.

Software

The software used to model the bridge’s life cycle is OpenLCA from GreenDelta. This
is an open-source program that allows LCA models to create and run. This was used
extensively by the researcher’s community [45].

This study has used two databases. The first one is the ecoinvent database [46],
version 3.7.1. This database is constantly updating and very reliable from the scientific
point of view [47]. Data given by the ecoinvent database are related to the environmental
impact of processes. On the other hand, the social database used for this research is SOCA,
version 2. This database takes data from PSILCA social database and assigns the processes
in the ecoinvent 3.7.1 database their corresponding social impact. This allows researchers to
use the ecoinvent database to model the social implications of their studies efficiently. The
life cycle impact assessment (LCIA) chosen for this research is the recipe 2008 method [32]
for E-LCA and the social impacts weighting method for S-LCA. The selected databases for
modeling are ecoinvent v3.7.1 and SOCA v2 to E-LCA and S-LCA, respectively. Table 1
encompasses all the information about the databases, the LCIA methods used, the impact
categories, and the damage categories. The impact categories give a more detailed view of
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various specific indicators. However, the damage categories group these indicators and
show a more widespread impact. In this study, damage categories are used to compare the
different alternatives to conclude. In Table 1, the environmental assessment gives a result
of three damage categories related to the impact on the ecosystems, the human health, and
resources, while the social evaluation shows the implications associated with four different
stakeholders: local community, society, value chain actors, and workers.

Table 1. Environmental and social life cycle assessment categories.

Database LCIA Impact Categories Damage Categories

Agricultural land occupation
Climate Change
Fossil depletion
Freshwater ecotoxicity
Freshwater eutrophication
Human toxicity
ITonizing radiation
) ReCiPe Marine eutrqphication Ecosystems
ecoinvent (E-LCIA) Metal depletion Human Health
Natural land transformation Resources
Ozone depletion
Particulate matter formation
Photochemical oxidant formation
Terrestrial acidification
Terrestrial ecotoxicity
Urban land occupation
Water depletion

Access to material resources

Environmental Footprints

GHG Footprints

Local employment

Migration

Respect of indigenous rights

Safe and healthy living conditions

Contribution to economic development

Health and Safety Local Community
Social Impacts Weighting Method = Corruption Society
(S-LCIA) Fair competition Value Chain Actors

Promoting social resposibility Workers

Child labor

Discrimination

Fair Salary

Forced labour

Freedom of association and collective bargaining

Health and Safety

Social benefits, legal issues

Working time

SOCA

2.3. Bridge Deck Design

Table 2 shows the amounts of materials determined by each deck type and span length.
These amounts were taken from the study of Martinez-Mufioz et al. [26]. In this study, the
quantity of materials was obtained from Yepes et al. [48] for PCSS and PCLS alternatives. In
contrast, for PCBG and CBG ones, the data were taken by applying the criteria defined in
the Spanish Ministry of Public Works named “Obras de paso de nueva construccién” [49].

Table 3 shows the material amount for the concretes considered in this research. The
concrete decks are designed with C40/50 prestressed concrete, while for the CBG bridge
deck, C30/37 reinforced concrete is considered. The most significant is the CBG alternative,
where the structural steel beam that supports the slab is added.
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Table 2. Amount of materials per square meter of deck [26].
Unit 15 20 25 30 35 40
PCSS
Concrete C40/50 m® 0473 0561 0649 0738 0.826 0914
Reinforcement Steel kg 51728 61380 71.033 80.686 90.339 99.992
Prestressed Reinforcement Steel kg  9.223 17133 25.043 32953 40.863 48.773
Formwork m? 1500 1.500 1.500 1.500 1.500  1.500
PCLS
Concrete C40/50 m®* 0509 0557 0.605 0.654 0702 0.750
Reinforcement Steel kg 52165 57.109 62.052 66.996 71939 76.883
Prestressed Reinforcement Steel kg  5.069 10914 16.759 22.604 28.449 34.294
Formwork m? 1700 1700 1.700 1.700 1.700  1.700
PCBG
Concrete C40/50 m® 0441 0461 0482 0503 0523 0544
Reinforcement Steel kg 28790 32.601 36.632 40.884 45356 50.048
Prestressed Reinforcement Steel kg  3.042 4917 6.792 8.667  10.542 12417
Formwork m? 1900 1900 1900 1900 1900 1.900
CBG
Concrete C30/37 m® 0220 0230 0240 0250 0261 0272
Reinforcement Steel kg 20976 22250 23.603 25.037 26.559 28.173
Structural Steel kg 59400 63.700 68.175 81.000 80.600 88.375
Shear Connector Steel kg 0310 0346 0381 0423 0437 0494
Formwork m? 1.000 1.000 1.000 1.000 1.000 1.000

Table 3. Concrete dosage considered for bridge decks [26].

Concrete

Material Unit

C30/37 C40/50
Gravel kg 1110.00 829.00
Sand kg 730.00 1102.00
Cement kg 300.00 320.00
Water kg 201.00 160.00
Superplasticizer kg 0.27 5.00

As usual in bridge LCA modeling, four stages are considered for the life cycle model.
The processes considered for the E-LCA modeling were collected from the ecoinvent
database. The diesel consumption of machinery generated those processes that are not
included in the database. For S-LCA, the database chosen is SOCA due to the ecoinvent
processes PSILCA database social assessment addition.

2.3.1. Manufacturing

All the activities needed to manufacture materials are considered in the production
phase. In addition, the transport is included, considering 30 km for concrete and 150 km for
steel. The original ecoinvent database process considered concrete of the 30 MPa process.
The 40 MPa concrete process is introduced following the description in Figure 2.

Steel manufacturing is produced differently for modeling reinforcement bar and hot
rolled steel. Ecoinvent database considers 19% of steel scrap for the BOF process and 100%
for the EAF. Modifying these processes, a specific steel recycling ratio can be considered.
Consequently, a 71% steel recycling ratio is modeled for reinforcement bars, while for hot
rolled steel, two different recycling ratios are determined. Those ratios are 71% (CBG_71)
and 98% (CBG_98). This rate difference is modeled to consider different countries’ materials
reuse. In countries with lower developments, the reuse policies are less strict [50].
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Furthermore, the SCCB deck welding of the steel sheets is modeled. This is considered
by using the ecoinvent database’s process.

2.3.2. Construction

Bridges building is modeled as on-site. The processes contemplated in this phase
are concrete pouring, vibration and assembling of the different parts of SCCB alternatives
and, furthermore, in concrete solutions, the tension of the active reinforcement steel. The
auxiliary elements are modeled by introducing the diesel consumption data from the Bedec
database [51]. The diesel consumption is 123.42 M] of energy per cubic meter of concrete
and 10.2 MJ per kg of active reinforcement steel [26]. The CO, emissions are 32.24 kg and
2.62 kg, respectively. The concrete selected does not have unique curation processes.

2.3.3. Use and Maintenance

Traffic detours are not considered necessary at this stage. Only the concrete needs
repairs on activities because the steel chosen does not require maintenance activities. The
machinery for the upkeep is estimated considering two different periods of actuation. The
machinery consumption contemplated in this life cycle phase is 584.28 M], and the CO,
emissions are 46.58 kg of CO, per square meter repaired [26].

2.3.4. End of Life

In this stage, all demolition and transport to landfill processes are considered in the
LCA model. The machinery needed for the deconstruction is considered for the concrete
elements. In addition, the crushing process is considered to assume the full carbonation of
concrete. On the other hand, only landfill transportation is modeled. The recycling process
of steel is reflected in the manufacturing process. For SCCBs alternatives, steel sheet cutting
is introduced.

2.4. Impact Assessment

The impact assessment results depend on the LCIA method chosen. LCIA methods
transform from specific resources consumption and emissions to indicators. This trans-
formation allows designers and researchers to understand the impact of activities better.
As described in Section 2.2, two LCIA methods are chosen for both E-LCA and S-LCA
evaluations. As described in Table 1, the technique selected for E-LCA is recipe. This
method gives, as a result, 18 indicators related to different environmental impacts. These
indicators can be grouped into three main damage categories that focus on more general
effects. Consequently, the interpretation of results is straightforward due to the lowest
amount of information. Similarly, the social impact weighting method gives specific indica-
tors and four damage categories. In Figure 3, a schema of the relations between databases
and methods used in this study is defined.

This research aims to compare the feasibility of different decks from the environmental
and social points of view and the difference between those results. Accordingly, only the
damage categories are considered for the study to understand the results quickly.
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Figure 3. Databases and methods flowchart.

2.5. Interpretation

At this phase, the comparison of the different bridge alternatives is carried out. All
processes and activity’s impact results are analyzed and compared. This interpretation
depends on the research goal defined.

3. Lyfe Cycle Assessment

This research carried out the complete LCA of four different bridge decks. It is a
cradle-to-grave analysis. This type of analysis considers all bridge processes, starting
with the raw material extraction and ending with the demolition of the structure and the
transportation of the materials obtained to landfills. Only the damage categories results
are exposed in all graphs and tables to ease the comparison of alternatives. In Figure 4,
the processes considered for modeling the complete life cycle of every deck option are
summarized. This processes follows the proposal in Martinez-Mufioz et al. [26].

3.1. Environmental LCA

The LCIA method used to carry out the environmental assessment is recipe. As
mentioned before, this LCIA method gives two alternatives of obtaining results. This study
chooses the endpoint approach to obtain more easily comparable results. The results of
the E-LCA show three damage categories: ecosystems impact, human health impact, and
resources impact. The units of this damage category are species.yr, disability-adjusted
life years (DALYs), and dollar ($), respectively. As the three damage categories give their
results in different units, a normalization and weighting method is required to compare
them. The Europe recipe H/ A person/year is set as the weighting method in this research.

In this work, four bridge deck alternatives are proposed for its comparison: PCSS,
PCLS, PCBG, and CBG. Two steel recycling ratios to consider different steel manufacturing
processes for CBG alternatives are 71% (CBG_71) and 98% (CBG_98). These steel recycling
rates correspond to those of reinforcement bars in Spain and the maximum recycling rate
for hot rolling steel according to the World Steel Association [35].
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Figure 4. Life cycle of the bridge decks [26].

Results for the environmental analysis are represented in Figure 5. As can be seen
from the ecological point of view, PCSS is the best solution between 15 m and 18 m. PCLS
becomes the best alternative up to 25 m, where box solutions are used from this point on.
In span lengths between 25 m and 40 m, it can be seen in Figure 5 that solutions with lower
environmental impact are the best compared to others. For concrete solutions, the best
alternative is the PCBG. In this case, the comparison between damage categories makes
no sense due to the similarity of every damage category. The three damage categories are
normalized and summed to give the same importance to total impact. From the results
obtained for each damage category, the most ecofriendly solution is CBG_98. Furthermore,
the more recycled steel is used, the more environmentally friendly the alternative is.

3.2. Social LCA

Social evaluation of bridge deck alternatives is carried out using the social impact
weighting method as the LCIA method. This method, in a similar way to recipe, gives
a series of indicators related to specific impact categories, as can be seen in Table 1. For
this case study, the indicators are collected in four categories related to the leading social
stakeholders following the method in Penadés-Pla et al. [21]. This impact categories
grouping allows us to understand better the social impact of the alternatives and their
comparison. The social stakeholders chosen are local community, value chain actors, society,
and workers as defined in Table 1.

Results from S-LCA give precise results regarding the feasibility of alternatives for
each span length. From 15 m to 25 m, the best option is the PCLS. From this length, the
PCBG is the best alternative from a social point of view. Regarding the CBG alternatives, it
can be seen that its social feasibility is very low compared to PCBG, even below the PCLS
solution with higher recycling rates (CBG_98). It can be observed that solutions with higher
steel recycling ratios give higher social impact values for social damage categories, as can
be seen in Figure 6. If the analysis is focused on the slopes of the obtained lines, it can be
seen that the impact on resources increases to a greater extent than the impact on human
health, and this, in turn, is greater than the impact on the ecosystems.
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4. Discussion

This research carried out a social and environmental impact assessment of four bridge
deck alternatives. As it can be seen in Section 3, results from both evaluations give opposite
results. Regarding the feasibility of E-LCA options, the most suitable alternative for 25 m
to 40 m span lengths is the CBG. Moreover, the increase in the steel scrap used for the
steel manufacturing process reduces the impact of the CBG alternatives, with the CBG_98
alternatives being the best from the environmental point of view. On the contrary, for social
assessment, this is a worse alternative than PCBG, and in addition, a higher steel recycling
ratio gives, as a consequence, a higher social impact.

To get an idea of the cause of this contrast between LCA criteria, a more detailed study
was carried out regarding the importance of stages for global analysis. In Table 4, the total
assessments for both social and environmental criteria are summarized for a 35 m solution.
It can be observed that the solution with the most impact for both ecological and social
assessments is the PCSS. However, the feasibility of solutions changes drastically between
criteria. The CBG with 98% of recycled steel is the best, eco-friendly solution. It should
be remembered that this is the usual steel recycling rate for hot rolled steel according to
the World Steel Association [35]. For social impact assessment, this changes, and the most
socially sustainable solution is the PCBG, with the 98% of recycled steel CBG solution
lagging behind the PCLS one.

Table 4. Sustainability assessment for 35 m span length solutions.

Deck Alternative ~ Assessment  Unit Manufacturing Construction Use and Maintenance EoL Total

PCSS Environmental — p 57.03 7.68 11.86 —0.33 76.24
Social mrh 91,346.24 2062.11 2242.40 1197.07  96,847.81

PCLS Environmental — p 46.11 5.83 13.44 —0.29 65.09
Social mrh 71,340.94 1799.18 2544.54 1002.49  76,687.16

PCBG Environmental p 30.33 3.12 15.02 —0.23 48.24
Social mrh 42,442.18 1377.60 2853.89 72198  47,395.64

CBG 98 Environmental  p 28.04 1.25 7.96 —0.24 37.01
- Social mrh 75,914.48 575.45 1479.21 635.76  78,604.89

The difference between these two assessments is produced by the importance of steel to
the total impact in both environmental and social assessments. In Figure 7, the importance
of every process is defined according to the results obtained from the LCA models. As
can be seen, steel is the process that has the most significant impact on the total for both
assessments. However, for social impact, this importance grows from 51.1% to 80.8%
in the case of the CBG_98 alternative. Furthermore, regarding the steel manufacturing
process in the environmental assessment, the impacts of one kg of steel considering 71%
and 98% of steel scrap are 0.152 and 0.104 points. If the same analysis is carried out from
the social perspective, the results are 1941.08 and 2066.51 med risk hours for one kg of steel
considering 71% and 98% of steel scrap, respectively. Suppose we add that the importance
of steel is more remarkable for the social analysis and that considering a higher percentage
of steel recycling generates a more significant impact. In that case, we find the cause of
these differences in effects. Suppose the analysis is focused on the slopes of the obtained
lines. In that case, it can be seen that the impact growing the most is the impact on society,
followed by the effect on workers, local community, and value chain actors.
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Figure 7. Importance of materials processes to total environmental and social impact models.

Finally, the importance of every bridge deck LCA stage of this study is defined in
Figure 8. Regarding the similarities of both assessments, it can be stated that manufacturing
is the most critical stage for both social and environmental impacts. The next order by
importance is the use and maintenance phase, followed by the construction and the end
of life. One difference is observed between these two sustainability assessment criteria.
The carbonation process reduces the use and maintenance and end-of-life stages for en-
vironmental assessment. In contrast, the carbonation reduction does not affect the total
impact of the social evaluation. Another difference is observed between alternatives in the
construction stage. For E-LCA, the PSCC alternative is the most impacting, while for the
S-LCA, it is the PCBG.
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Figure 8. Importance of the LCA stages for environmental and social impact models for 35 m span
length solutions.

5. Conclusions

This research compared the environmental and social impacts of different bridge deck
alternatives. Usually, in span lengths between 15 m and 25 m, the options used are the PCSS
and PCLS, taking economic feasibility as the criterion. In these studies, PCSS and PCLS
are compared from the social and environmental points of view. This comparison gave the
result taht the PCLS is a better alternative. In the span, the length ranges from 15 m to 18 m;



Sustainability 2022, 14, 5186

16 of 19

PCSS is better than PCLS for the environmental assessment, but PCLS overcomes the PCSS
in all length ranges for social impact.

The steel recycling ratio variation modifies the impact of alternatives. Still, in contrast
with other studies made with older versions of this database, it is not crucial to define
the feasibility of the options. From the environmental point of view, the more steel is
recycled, the lower the ecological impact. On the contrary, for the social sustainability of
deck alternatives, lower amounts of steel scrap reduce the global impact of the structure.

CO, fixation by carbonation processes only impacts the environmental analysis, re-
ducing the impact of the structure in use and maintenance and end of life stages. This
reduction is less critical in composite solutions because the amount of concrete in this board
type is minor to concrete alternatives. Regarding the social sustainability of the alternatives,
carbonation, and consequently, the CO; fixation produced in this process, does not affect
the total assessment of the structure. This leads to the fact that the end-of-life phase, where
the concrete is crushed, positively impacts the environmental analysis. At the same time, it
does not positively impact the social analysis.

Regarding the material importance in the assessment, the steel impact is higher in
environmental and social aspects. Finally, we assume higher values concerning other
material contributions. Finally, the manufacturing stage has the most significant life cycle
impact of all the alternatives, as found in other research studies with the same scope.

This research compares different bridge deck alternatives from the environmental
and social sustainability points of view. In the main conclusion, the composite box girder
alternatives are the most sustainable from the ecological point of view. However, the most
suitable for social impact is the prestressed concrete box-girder solution. Consequently,
the most sustainable choice of alternatives for bridge decks is mainly a multi-criteria
decision-making problem that will depend on the weights assigned to every economic,
environmental, and social pillar.

As a result of this study, researchers and designers can obtain information about the
feasibility of concrete and composite alternatives proposed for analysis. The information
regarding this feasibility is limited to the defined cross-section types of slab and box-
girder bridges, their assessment from environmental and social points of view, and the
span lengths between 15 m and 40 m. In future research studies, other composite bridge
cross-section alternatives can be studied, such as twin I-girder bridges or plate girders, to
examine if they improve the feasibility of composite options for social impact. Furthermore,
optimization techniques can be applied to cross sections to obtain new designs, considering
the social and environmental LCA impacts as objective functions.
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Abbreviations

LCA Life Cycle Assessment

E-LCA  Environmental Life Cycle Assessment
S-LCA  Social Life Cycle Assessment

LCIA  Life Cycle Inventory Assessment
PCSS Prestressed Concrete Solid Slab
PCLS  Prestressed Concrete Lightened Slab
PCBG  Prestressed Concrete Box Girder
SCCB  Steel-Concrete Composite Bridge
CBG Composite Box Girder

BOF Basic Oxygen Furnace

EAF Electric Arc Furnace

p points
mrh med risk hours
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